The magnetic state of atomically thin semiconducting layered antiferromagnets such as CrI 3 and CrCl 3 can be probed by forming tunnel barriers and measuring their resistance as a function of magnetic field (H) and temperature (T). This is possible because the tunneling magnetoresistance originates from a spin-filtering effect sensitive to the relative orientation of the magnetization in different layers, i.e., to the magnetic state of the multilayers. For systems in which antiferromagnetism occurs within an individual layer, however, no spin-filtering occurs: it is unclear whether this strategy can work. To address this issue, we investigate tunnel transport through atomically thin crystals of MnPS 3 , a van der Waals semiconductor that in the bulk exhibits easy-axis antiferromagnetic order within the layers. For thick multilayers below T ~ 78 K, a T-dependent magnetoresistance sets-in at ! " # ~ 5 T, and is found to track the boundary between the antiferromagnetic and the spin-flop phases known from bulk magnetization measurements. The magnetoresistance persists down to individual MnPS 3 monolayers with nearly unchanged characteristic temperature and magnetic field scales, albeit with a different dependence on H. We discuss the implications of these finding for the magnetic state of atomically thin MnPS 3 crystals, conclude that antiferromagnetic correlations persist down to the level of individual
monolayers, and that tunneling magnetoresistance does allow magnetism in 2D
insulating materials to be detected even in the absence of spin-filtering.
Probing the occurrence of magnetism in atomically thin crystals (1) (2) (3) (4) (5) is difficult because experimental techniques that are conventionally applied to bulk crystals (neutron diffraction (6, 7) , magnetization measurements (8, 9) , etc.) are not sufficiently sensitive to work at the atomic scale. Recent work on so-called layered antiferromagnets (5, (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) has shown that measuring the temperature-dependent magnetoresistance of tunnel barriers provides information about their magnetic state, and even allows their magnetic phase diagram to be determined (22) . That is so because in these antiferromagnets the spins within each individual layer are ferromagnetically aligned, and their magnetic state is fully determined by the relative orientation of the layer magnetization vectors (12, 15, 20, 21) .
For magnetic configurations of this type, the sensitivity of the magnetoresistance to the magnetic states originates from a spin-filtering effect, such that aligning the magnetization of individual layers causes a reduction in resistance (12) (13) (14) (15) (20) (21) (22) (23) (24) (25) . For van der Waals (vdW) compounds in which antiferromagnetism occurs within an individual layer, however, no such spin-filtering effect is present, the same logic does not apply. For atomically thin crystals -and certainly for monolayers-this situation is problematic, because if transport measurements cannot be used, it is not obvious what other technique could be employed to detect antiferromagnetism (for interesting attempts based on Raman spectroscopy see Ref. (26, 27) ). To address this issue, we perform tunneling magnetoresistance measurements on atomically thin crystals of MnPS 3 and show that they allow tracking experimentally the phase boundary between the antiferromagnetic and the spin-flop phases of these 2D systems, all the way down to the ultimate limit of individual monolayers. MnPS 3 is an exfoliable 2D material (25, (28) (29) (30) whose properties in bulk form have been investigated in the past. It is known that in bulk MnPS 3 crystals antiferromagnetism sets in at T N = 78 K with the spins of the manganese atoms ordering within individual layers, and pointing nearly perpendicularly (31) to them due to an easy-axis out-of-plane anisotropy ( Fig. 1(a) ) (6) . As the antiferromagnetic exchange is much stronger than the anisotropy energy (32) , upon the application of magnetic field perpendicular to the layers a spin-flop transition (33, 34) occurs at $ %& . In the spin-flop state the magnetic moments on the Mn atoms preserve their antiferromagnetic ordering, but re-align to point predominantly in the plane, with an out-of-plane component that increases upon increasing H (Ref. (7) ). The spin-flop transition in bulk MnPS 3 crystals is easy to detect, as its occurrence is signaled by a well-defined onset of the out-of-plane magnetization M (red curve in Fig. 1(b) ), and a concomitant peak in the differential magnetic susceptibility χ ( = * + , -.
-/ centered at µ 2 $ %& = 5.3 6 (blue curve in Fig. 1(b) ). At a more microscopic level, theoretical analyses of early experiments as well as more recent experimental work indicate that long-range magnetic dipolar interactions play an important role in stabilizing the antiferromagnetic state in MnPS 3 , and in accounting for its properties (7, (35) (36) (37) (38) .
These characteristics make MnPS 3 an ideal candidate to explore whether it is possible to investigate the evolution of the magnetic state down to individual monolayers by means of tunneling magnetoresistance measurements. If dipolar interactions are as important as currently believed, the effect of fluctuations on the magnetic state is suppressed at low temperature and antiferromagnetism can persist in the two-dimensional limit, without a drastic reduction in transition temperature as compared to the bulk(39) (indeed, Mermin-Wagner theorem that precludes the existence of long-range order in 2D is valid for short ranged interactions and does not apply if long-ranged dipolar interactions play a relevant role). Additionally, the occurrence of the spin-flop transition at experimentally accessible values of applied field provides a hallmark signature of the antiferromagnetic state that we can search for in tunneling magnetoresistance measurements. Specifically, for MnPS 3 multilayers that are sufficiently thick we expect the signatures of the spin-flop transition to occur at the same temperature and magnetic field as in bulk crystals, enabling its identification. Once the manifestation of the spin-flop transition on the tunneling magnetoresistance has been identified, we can proceed to probe whether the phenomenon persists as the MnPS 3 thickness is decreased down to a single monolayer.
Following this strategy, we have performed magnetoresistance measurements on MnPS 3 tunnel barriers with thickness ranging from 13-layer down to an individual monolayer. The devices consist of an atomically thin MnPS 3 crystal contacted with few-layer graphene stripes in a cross geometry (see the inset of Fig. 1(c) ), and encapsulated between two exfoliated boron nitride crystals (to prevent MnPS 3 degradation the devices are assembled in a glove box with controlled Nitrogen atmosphere, see Supplementary Information for details). The very weak temperature dependence of the resistance measured at low T -as contrasted to the thermally activated behavior observed at higher T (see Fig. 1c )-indicates that low-temperature transport does indeed occur in the tunneling regime (40) . For barriers up to 4-layer thick, direct tunneling gives a sufficiently large current to be detected experimentally, resulting in linear I-V curves at low bias. For thicker barriers the probability for direct tunneling is too small and a large bias needs to be applied to generate a measurable current, resulting in strongly non-linear I-V curves ( Fig. 1(d) ). In this latter case, tunneling occurs in the so-called Fowler-Nordheim regime (41, 42) , with 78 decreases linearly with d ( Fig. 1(g) ) (41) . From the slopes of these two curves we can estimate the height of the tunnel barrier in few-layer graphene/MnPS 3 devices, as well as the effective mass R * in MnPS 3 , which we find to be respectively K L ≅ 440 meV and R * ≈ 0.5 R 2 (with R 2 the freeelectron mass).
We start by searching for the presence of tunneling magnetoresistance η($) = Z / [Z 2 Z 2 in relatively thick multilayers, to establish whether the occurrence of the spin-flop transition does give origin to a detectable signal. To this end, we measure the temperature and magnetic field dependence of the resistance of tunnel barriers realized using N = 13 (13L) and N = 6 (6L) MnPS 3 multilayers ( Fig. 2 (a) and 2(b)). For both devices at low temperature, the resistance is independent of applied field $ up to a threshold µ 2 $ * ≅ 5 T -very close to the magnetic field value at which the spin-flop transition is seen in bulk crystals ( Fig. 1(b) ). Above this threshold a pronounced increase takes place and, as the applied field is increased further, a change in slope of the magnetoresistance occurs at µ 2 $ ? ≅ 7.5 T. For both 13L and 6L MnPS 3 multilayers, the total low-temperature magnetoresistance that we observe at the highest field reached in our experiments (µ 2 $ ≅ 12 T) is approximately 15 %, much smaller than in tunnel barriers of layered antiferromagnetic insulators (12, 15, (20) (21) (22) , but still sizable and easily measurable.
Upon increasing temperature T, the magnitude of the magnetoresistance decreases and eventually disappears (becomes comparable to the noise) for T between 70 and 80 K ( Fig.   2 (a) and (b)). In order to identify more precisely the value of T at which the resistance stops depending on magnetic field, we plot the magnetoresistance at a fixed value of $ as a function of temperature, and extrapolate the data points to determine the value of T for which the magnetoresistance vanishes; see Fig. 2 (c) for the 13L device and Fig. 2(d) for the 6L device. For the 13L and 6L devices we find that the magnetoresistance vanishes for temperature higher than 76 ±5 K and 78 ±3 K respectively, very close to the Néel temperature T N = 78 K of bulk MnPS 3 crystals (43) . Within the experimental precision, the extracted values do not depend on the specific value of $ used to perform the analysis, see Fig. 2 (c) and 2(d). We emphasize, nevertheless, that care is needed in comparing the observed onset temperature to the Néel temperature, because the observation of any magnetoresistance requires a field `2$ > 5 T to be applied whereas the Néel temperature is defined as the transition from the paramagnetic to the antiferromagnetic state at zero applied field. Indeed, as we make clear below, the onset temperature for the appearance of magnetoresistance corresponds to the critical temperature for the transition between the spin-flop and the paramagnetic state.
The measurements just discussed show that the 13L and the 6L devices exhibit a virtually identical behavior, in agreement with the notion that their thickness is sufficiently large to approach the magnetic behavior of bulk MnPS 3 crystals. Consistently with this conclusion, all observations appear to indicate that the characteristic magnetic and temperature scales detected in the tunneling magnetoresistance coincide with those at which magnetic phase transitions take place in bulk crystals. To establish the nature of the relation between the magnetoresistance of atomically thin multilayers and magnetic phase boundaries in bulk MnPS 3 more precisely, we represent the magnetoresistance measured on the 6L device as a color plot ( Fig. 3(a) ). Onto the same plot we overlay the spin-flop field H sf as a function of temperature (orange diamond) and the Néel temperature T N as a function of magnetic field (orange circle), obtained by Goossens et al. in their systematic study of MnPS 3 bulk magnetization (9) . The orange diamonds outline the boundary between the antiferromagnetic phase stable at low field and the spin-flop phase that is stable at higher field: it is apparent from Fig. 3 (a) that this phase boundary coincides with the observed onset of the magnetoresistance in the 6L tunnel barrier (note how the temperature for the transition between the paramagnetic and antiferromagnetic states is nearly independent of H. This is why the onset temperature for the occurrence of magnetoresistance at `2$ > 5
T corresponds well to the value of T N in the bulk).
The results of these measurements already allow us to draw two important conclusions.
First, a sizable tunneling magnetoresistance is present in MnPS 3 despite the absence of any spin-filtering effect. Without discussing the microscopic mechanism responsible for the measured magnetoresistance in MnPS 3 (see below), we emphasize that a difference with previously investigated layered antiferromagnets is clear, since in MnPS 3 the magnetoresistance is positive whereas in CrI 3 and CrCl 3 it is negative. The second important conclusion is that the analysis of the temperature and magnetic field dependence of the tunneling resistance of the 13L and 6L MnPS 3 devices allows the presence of the magnetic transition from the antiferromagnetically ordered state to the spin-flop state to be unambiguously detected (see Fig. 3(a) ). It is this sensitivity of the tunneling magnetoresistance to the phase boundaries that provides useful information about the magnetic state of the barrier material.
Interestingly, magnetoresistance measurements appear to be more sensitive to details of the magnetic state than measurements done on bulk crystals. This is illustrated by the observation of two distinct characteristic fields $ * and $ ? -having virtually identical values in both the 13L and 6L devices, see Fig. 2 (a) and 2(b)-and not of a single spin-flop field. The "splitting" of the spin-flop transition has been predicted theoretically for antiferromagnets whose magnetic anisotropy originates from both on-site and inter-site anisotropy (44) (45) (46) (47) (48) (49) , since in the appropriate regime the competition between these anisotropy terms makes the magnetic state evolve through a sequence of distinct steps as H is swept from below H 1 to above H 2 . In simple terms, the transition from the antiferromagnetic to the spin-flop state occurs through intermediate spin configurations, such that for H 1 < H < H 2 the antiferromagnetically coupled spins are oriented along a direction that evolves gradually from being parallel (at H = H 1 ) to perpendicular (at H = H 2 ) to the applied field (details depend on the precise values of microscopic parameters).
In experiments on bulk crystals, the competition of different anisotropy terms has indeed been invoked to interpret neutron scattering experiments on MnPS 3 (Ref. (50) ), but a splitting of the spin-flop transition was never reported in magnetization measurements because inhomogeneity and disorder (such as domain walls (33)) cause a large broadening of the corresponding peak in the magnetic susceptibility ( Fig. 1(b) ). Owing to their very small size, tunnel barrier devices are much less influenced by inhomogeneity of structural and magnetic origin as compared to bulk crystals, enabling subtler features to be detected.
Under these conditions, we compare the characteristic fields observed in the 13L and 6L with the bulk spin-flop field $ %& , by defining -inspired by theory (44) Finding that a pronounced tunneling magnetoresistance continues to be observed as the MnPS 3 thickness is reduced allows us to conclude -directly from the experimental datathat magnetism persists in mono and bilayer MnPS 3 (simply because non-magnetic tunnel barriers such as hBN (51, 52) exhibit no tunneling magnetoresistance). This is a non-trivial conclusion, because it has been very recently suggested on the basis of temperature-dependent Raman measurements that monolayer MnPS 3 is non-magnetic (27) . To extract information about the nature of the magnetic state in mono and bilayer MnPS 3 , we start by discussing the aspects of the measured magnetoresistance that are common to all layers, irrespective of their thickness. In particular, for sufficiently thick MnPS 3 multilayers (i.e., the 13L and 6L devices) the T-and H-dependence of the magnetoresistance onset precisely tracks the temperature evolution of the spin-flop field (see Fig. 3(a) ), which allows us to conclude with confidence that in these multilayers the magnetic state coincides with that of bulk crystals (i.e., it is an antiferromagnetic state at low applied field, for `2$ < 5T). In mono and bilayers the dependence of the magnetoresistance on H differs from that observed in the 13L and 6L devices -indicating that the magnetic state is also differentbut the magnetic field and temperature scale extracted from the experiments remain nearly unaltered ( Fig. 4 (e) and 4(f)). 
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The code related to this study are available from the corresponding author upon reasonable and well-motivated request. Tunneling magnetoresistance i l $ of monolayer (a) and bilayer (b) MnPS 3 as a function of applied field, measured as T is increased from 10 to 120 K in 10 K steps. A small Tindependent magnetoresistance persists up to the highest temperature of our measurements, likely due to the graphene electrodes (mono and bilayer devices have much smaller resistance than thicker tunnel barriers and the contact magnetoresistance is not entirely negligible; see also supplementary information), which is why we plot i l $, 6 ≡ i $, 6 − i $, 6 = 120 n . i l $, 6 starts deviating from zero as T is lowered below approximately 75 ∼ 80 K (comparable to what is found in 13L and 6L devices) and increases upon cooling. In mono and bilayer devices i l $, 6 exhibits no threshold at low field and peaks respectively at `2$ ≅ 4 T and `2$ ≅ 5 T, just slightly smaller than the In the Method Section and in the supplementary notes here after we discuss a number of more technical points that could not be discussed in full detail in the main text. In particular, we present the details of the growth of MnPS 3 crystals and the basic aspects of their characterization (structural and magnetic), we outline the key points of the device fabrication process (including the determination of the multilayer thickness), and we show the temperature-independent background magnetoresistance that is present in tunnel barrier devices done using mono-and bilayer MnPS 3 . Finally, we explain the technical details of the ab initio calculation of the band structure shown in Fig. 3 (c) of the main text. The basic characterization of the structural and magnetic properties of MnPS 3 crystals grown in this way is described below in the supplementary notes 2.1 and 2.2.
Supplementary methods

Crystal growth
Device Fabrication
The assembly of the MnPS 3 tunnel barrier devices start with the preparation of suitable 
Electrical Measurement
Transport measurements were performed in different cryostats, all equipped with superconducting magnets. Depending on the cryostat, the lowest temperature that could be reached was either 0.25 K or 1.5 K, and the highest magnetic field that could be applied was either 12 T or 14 T. To measure the I-V characteristics of the tunnel barrier and their magnetoresistance, the bias voltage was applied using either a Keithley 2400 source unit or a home-made low noise voltage source. The current and voltage signals were amplified with home-made low noise amplifier, and the amplified signals were recorded with an Agilent 34410A digital multimeter unit.
Supplementary Notes
Structural and stoichiometric characterization of MnPS 3 crystals
The quality of the MnPS 3 crystals was investigated by X-ray diffraction (XRD) and by energy-dispersive X-ray (EDX) spectroscopy. 
Temperature dependent magnetic susceptibility of bulk MnPS 3
The magnetic response of the MnPS 3 crystals grown in our laboratory was characterized by magnetization and magnetic susceptibility measurements (see also Fig. 1(b) in the main text) and compared to previous studies on bulk MnPS 3 56-58 . The temperature dependence of the magnetic susceptibility measured with an in-plane and out-of-plane field (see, respectively, the blue and red curves in Fig. S3 ) is identical in the two cases as T is lowered from room temperature down to 78 K. The in-plane and out of plane susceptibilities start to differ for T below the Néel temperature of bulk MnPS 3 crystals, T N = 78 K (indicated by the green arrow in Fig. S2 ). The observed behavior is fully in line with earlier studies reported in the literature (referred to in the main text). crystals with the magnetic field applied in-plane (blue curve) and perpendicular to the plane (red curve). The green arrow points to the temperature below which the two curves start to deviate one from the other, which allows us to identify the Néel temperature of bulk MnPS 3 , T N = 78 K.
Thickness measurement of thin MnPS 3 crystals
For MnPS 3 crystals, systematic analysis of optical contrast does not give reliable estimation of the layer number. Thus, we used atomic force microscopy to measure the thickness of MnPS 3 flakes after the encapsulation (Fig S4 (a) ), from which we identify the number of layers by extracting the height profile across the crystal step edge (FigS4 (b) ). 
High-temperature magnetoresistance in monolayer and bilayer devices
As we discussed in the main text, thick MnPS 3 multilayers exhibit no magnetoresistance for T > 80 K, i.e., when the temperature is larger than the Néel bulk temperature, whereas in monolayer and bilayer some magnetoresistance is present even at these higher temperatures. We find, however, that for T > 80 K and up to the highest temperature of our measurements (120 K), the magnetoresistance observed in mono and bilayer MnPS 3 does not depend on T. The occurrence of the magnetic transition in mono-and bilayer can therefore be detected by looking at the temperature below which the magnetoresistance starts to be temperature dependent. In practice, as we discussed in the main text, to eliminate the effect of this T-independent background magnetoresistance, we subtract from the magnetoresistance measured at any given temperature, the same quantity measured at T =120 K.
In Fig. S4 (a) and (b) we plot the magnetoresistance of mono-and bilayer MnPS 3 for T between 80 and 120 K, to show that it is indeed temperature independent. This background magnetoresistance is likely coming from the few-layer graphene electrodes that give a measurable signal only in mono-and bilayers because the resistance of these thin tunnel barrier is much smaller than that of the thick MnPS 3 multilayers. Indeed, consistently with this statement, the magnetoresistance background of bilayer MnPS 3 is smaller than that of monolayer MnPS 3 (see Fig. S5(a) and (b) ).
Fig. S5. Magnetoresistance background in mono and bilayer MnPS 3 devices.
Magnetoresistance η of a (a) monolayer and a (b) bilayer tunnel junction measured at different temperatures above T N . Within the noise, the signal does not depend on temperature for T between 80 and 120 K.
First-principles calculations
First-principles calculations have been performed using the Quantum ESPRESSO suite of codes 59, 60 within the generalized-gradient approximation of density functional theory as parameterized by Perdew, Burke, and Ernzerhof 61 . Structural relaxations have been performed assuming an antiferromagnetic configuration of spin on Mn atoms by minimizing all atomic forces and unit cell stress using the Broyden-Fletcher-Goldfarb-
